A method for the cryopreservation of Euglena gracilis is described; for 26 strains the recovery on thawing was at least 30%. Methanol (lo%, vlv) was the only effective cryoprotectant for freezing to, and thawing from, -196 "C, though the recovery of cells depended on the rates of cooling and warming.
A method for the cryopreservation of Euglena gracilis is described; for 26 strains the recovery on thawing was at least 30%. Methanol (lo%, vlv) was the only effective cryoprotectant for freezing to, and thawing from, -196 "C, though the recovery of cells depended on the rates of cooling and warming.
I N T R O D U C T I O N
Storage in liquid nitrogen is a standard method for the long-term maintenance of various cell types (Meryman, 1966) . At this temperature (-196 "C) cell survival is independent of the period of storage and biological systems are genetically stable (Ashwood-Smith & Grant, 1977) . Although many unicellular algae can be preserved with a recovery on thawing of greater than 60% (Morris, 1978) , very low rates of survival have been reported for Euglena gracilis (Hwang & Horneland, 1965) . Some of the variables which determine the response of E. gracilis to freezing and thawing have now been studied and a method of cryopreservation has been developed for the many genetically unstable mutants of this organism (Schmidt & Lyman, 1976) and for other strains of E. gracilis.
The importance of the interactions between the rate of cooling, cryoprotective additive and warming rate on the survival of plant cells has been stressed (Mazur, 1969) . Hwang & (1965) reported that E. gracilis suspended in glycerol (10 yo, v/v) survived better after 'slow' cooling (1 "C min-l to -30 "C followed by a plunge to -79 "C) than after 'fast' cooling (plunge to -79 "C). In the present study, the effects of a number of potentially cryoprotective compounds on the response of E. gracilis to freezing and thawing were determined over a range of cooling and warming rates. From these data, a method of preservation was developed for one strain of E. gracilis and has been successfully applied to other strains of E. grmilis.
Horneland

M E T H O D S
Organism. Euglena gracilis CCAP strain 1224/5z was used to develop methods for preservation. Conical flasks (100 ml) containing 50 ml liquid Eg medium (George, 1976) were inoculated with 1 ml of a stationary phase culture (10 to 14 d) and incubated at 20 "C at a light intensity of 1100 lux on a cycle of 14 h light/ 10 h dark. In preliminary experiments, the effect of age of culture (1 to 21 d) on the response to freezing and thawing was examined. Unless otherwise stated, cells from 7 d cultures were used.
Solutions. Additives (Table 1) were incorporated into Eg medium. Polyvinylpyrrolidone (PVP) of average molecular weight 40000 (Sigma) was used in solutions buffered with N-2-hydroxyethylpiperazine-N'-2ethanesulphonic acid (HEPES, 0.01 M) and back-titrated with KOH to pH 7.0. All other solutions were unbuffered. Ethanol and methanol were sterilized by membrane filtration (Millipore, 0.4 pm pore size) : other solutions were au toclaved.
Freezing and thawing. Cells were used directly from liquid culture without any further preparation. The cell suspension (1 ml) was placed in a 12 x 35 mm sterile polypropylene tube (Sterilin). When additives were incorporated, 0.5 ml of the cell suspension was added to 0.5 ml of the additive solution to give the required final additive concentration. Cells were exposed to the additive for 15 min at 20 "C before freezing. In experiments to determine the concentrations of additives which were non-cytotoxic (recovery > 75 %) under these conditions, the additive concentration was reduced after 15 min exposure by rapid dilution (1 : 100) into fresh Eg medium.
Cell suspensions were frozen in liquid nitrogen either at a cooling rate of 0.25 "C min-l to different temperatures or at different cooling rates to -196 "C using the method of Leibo et al. (1970) . The rates of temperature change in every treatment were reccrded from a replicate sample using a copper-constantan thermocouple (28 SWG) connected to a Kipp-Zonen potentiometric recorder (model BD5). Cell suspensions were warmed by rapid agitation of the ampoule in a water bath at 35 "C until the last visible crystals of ice had melted. Different rates of warming were obtained by the method of Thorpe et al. (1976) .
Viability assay. Cell viability was assayed by the agar plate method of Morris (1976). Survival rates below 1.0% were recorded as zero. To compare the effectiveness of additives, the median lethal temperature (LT5,,) was defined as the temperature at which 50 % of the cells were lost during freezing and thawing under standard cooling and warming conditions. Enzyme assay. Loss of membrane selective permeability following freezing and thawing was determined by measuring the release of the cytoplasmic enzyme malate dehydrogenase (MDH). The activity of MDH in cell-free supernatants and cell sonicates was assayed by the method of Bergmeyer & Bernt (1974) . The kinetics of MDH release from cells thawed from -6 "C was examined at 20 "C and the effect of different sub-zero temperatures on membrane integrity was determined 15 min after thawing. Enzyme loss to the supernatant was expressed as a percentage of the total intracellular enzyme activity.
R E S U L T S
Freezing without additives
At a rate of cooling of 0.25 "C min-l the median lethal temperature for E. gracilis was -5.3 "C ( Fig. 1) . At all rates of cooling examined (0.1 to 800 "C min-l) the recovery of cells from -196 "C was < 0.1 yo. Cells from the early stages of culture (2 to 5 d) were more sensitive to freezing injury than cells from older cultures (6 to 14 d). The recovery of Escherichia coli (Toyokawa & Hollander, 1956) , Chlorella protothecoides (Morris, 1976) and ciliated protozoa (Simon & Schneller, 1973; Osborne & Lee, 1975) following freezing and thawing also varies with the age of culture.
Following freezing and thawing from -6 "C there was a loss of MDH from the cells (Fig. 2) , the amount of enzyme released increasing with the time of incubation after thawing. After freezing and thawing from temperatures above -4 "C there was no significant loss of MDH (Fig. 3) , but with lower temperatures, at which fewer cells survived (Fig. l) , MDH was released. Other workers have also observed that loss of cell viability following freezing and thawing is associated with damage to membranes (Mazur, 1970) .
Eflects of cryoprotective additives
The non-penetrating, low molecular weight additives (glucose, glycerol, sucrose) were more damaging than were penetrating (ethanol, methanol, dimethyl sulphoxide) to be non-cytotoxic ( > 75 yo recovery after 15 min at 20 "C) are shown in Table 1 . Hwang & Horneland (1965) used glycerol as a cryoprotectant at a concentration of 10% (v/v), but we found this to be cytotoxic: viability was only 20y0 after 15 min exposure at 20 "C. At a rate of cooling of 0.25 "C min-l the extracellular additives increased cellular injury, whilst the penetrating additives were protective ( Table 1) . The most effective cryoprotectant was methanol (10 yo, v/v) with an LT5,, below -50 "C at this rate of cooling. Viable cells were recovered from -196 "C when methanol was used as a cryoprotectant (Fig. 4) . The optimal rate of cooling was 0.34 "C min-l. A similar relationship between cell recovery and the rate of cooling has been observed for a number of cell types (Mazur, 1970) . With all other additives there was no significant recovery of cells ( < 0-1 yo) from -196 "C at all rates of cooling examined. The recovery of cells cooled at 0.3 "C min-l in methanol v/v) was not affected by the rate of warming in the range 5 to 90 "C min-l ( Fig. 5) . At rates of warming slower than 5 "C min-l there was a reduction in cell viability.
Cryopreservation of other strains of E. gracilis
From the results presented, the best method for the routine cryopreservation of E. gracilis appeared to be as follows. To cells from 7 d cultures an equal volume of methanol (20%, v/v) was added. Following exposure for 15 min to the additive, the cells were cooled at a rate of 0.3 "C min-l to -60 "C and then transferred into liquid nitrogen; thawing was at 90 "C min-l. With 26 strains of E. gracilis examined the recovery on thawing was greater than 30%. 
DISCUSSION
For storage at -196 "C, methanol was the only additive found to be protective for E. gracilis. Methanol is also cryoprotective for erythrocytes (Lovelock, 1954; Hudita, 1959 ; Meryman, 1968) , tissue culture cells (Ashwood-Smith & Lough, 1975) and Schistosoma spp. (James & Farrant, 1976; 1977; James, 1977) , but in these systems the conventional additives glycerol and dimethyl sulphoxide are also protective.
At slow rates of cooling large extracellular ice crystals form and this removal of water as ice produces hypertonic solutions to which the cells are exposed for relatively long periods during cooling; this leads to cellular dehydration (Mazur, 1970) . In the absence of cryoprotective additives, exposure to the concentrated medium results in damage to the cellular membranes (Figs 2, 3) and cell death ( Fig. 1) . At slow rates of cooling, exposure to concentrated extracellular additives was also found to be damaging (Table 1 ). The penetrating additives reduce the degree of cellular dehydration, but the actual extent of the shrinkage will be determined by the permeability of the additives into and out of the cells during freezing and thawing. It is possible that for E. gracilis the cryoprotective mechanism of methanol is associated with its rapid entry into and exit from the cells during cooling and warming. Ethanol and dimethyl sulphoxide are larger molecules which would not be expected to permeate as freely. Permeability studies of these additives to E. gracilis are now in progress. Methanol may also have a direct action on the membrane lipids, protecting them against freezing injury.
